The International Commission on Radiological Protection (ICRP) reference male and female adult phantoms, described in Publication 110, are voxel phantoms based on wholebody computed tomography scans of a male and a female patient, respectively. The voxel inplane resolution and the slice thickness, of the order of a few millimetres, are insufficient for proper segmentation of smaller tissues such as the lens of the eye, the skin, and the walls of some organs. The calculated doses for these tissues therefore present some limitations, particularly for weakly penetrating radiation. Similarly, the Publication 110 phantoms cannot represent 8-40-mm-thick target regions in respiratory or alimentary tract organs. Separate stylised models have been used to represent these tissues for calculation of the ICRP reference dose coefficients (DCs). ICRP Committee 2 recently initiated a research project, the ultimate goal of which is to convert the Publication 110 phantoms to a high-quality polygon-mesh (PM) format, including all source and target regions, even those of the 8-40-mm-thick alimentary and respiratory tract organs. It is expected that the converted phantoms would lead to the same or very similar DCs as the Publication 110 reference phantoms for penetrating radiation and, at the same time, provide more accurate DCs for weakly penetrating radiation and small tissues. Additionally, the reference phantoms in the PM format would be easily deformable and, as such, could serve as a starting point to create phantoms of various postures for use, for example, in accidental dose calculations. This paper will discuss the current progress of the phantom conversion project and its significance for ICRP DC calculations. This paper does not necessarily reflect the views of the International Commission on Radiological Protection.
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INTRODUCTION
The International Commission on Radiological Protection (ICRP) adult male and female reference phantoms, which were adopted by ICRP in its 2007 Recommendations (ICRP, 2007) , are now used for organ and effective dose calculations by ICRP (2010) and researchers. These phantoms (ICRP, 2009) were developed using whole-body computed tomography data of a male and a female patient, and are consistent with the data given in Publication 89 (ICRP, 2002) on the reference anatomical and physiological parameters for male and female. Compared with stylised phantoms, these phantoms are anatomically more realistic; they have, however, some limitations in representing organs and tissues that are complex or very thin. This is mainly due to the fact that these phantoms are defined by cuboid-shaped voxels, the resolution of which is not adequate for all purposes. The voxel sizes of the male and female phantoms are 2.137 mm Â 2.137 mm Â 8 mm, and 1.775 mm Â 1.775 mm Â 4.8 mm, respectively (ICRP, 2009) . With these large voxels, complex or thin organs or tissues cannot be modelled or defined properly, causing limitations in dose calculation, especially for weakly penetrating radiations.
The skin of the Publication 110 (ICRP, 2009) reference phantoms, for example, is represented by one layer of voxels and has many holes; this is anatomically incorrect, incurring significant error in dose calculation for charged particles. In addition, the shallow depth (50-100 mm) at which the cells at risk are located cannot be realised by the given voxel dimensions. Hollow organs such as the stomach, urinary bladder, and gall bladder also have many holes. Moreover, the target layers of the respiratory and alimentary tract organs, which are very thin tissues (i.e. 8-40 mm), cannot be modelled in the Publication 110 reference phantoms, again due to the limitations of the voxel resolution. For all abovementioned regions, separate calculations of specific absorbed fraction (SAF) were performed using stylised phantoms (ICRP, 1994 (ICRP, , 2006 . Furthermore, the lens of the eye could not be represented properly in the Publication 110 phantoms. Therefore, for calculating the lens dose coefficients (DCs) for some geometries and energies of external beams of photons and electrons, additional calculations were performed using a stylised phantom (ICRP, 2010) . Concerning the skeletal tissues, there are a few further minor problems. For instance, some spongiosa is not covered by cortical bone, part of the cartilage is included in the spongiosa, and the sacrum of the female phantom does not have any cortical bone.
These problems were discussed at the ICRP Committee 2 meeting in 2013, and the decision was made to initiate a research project to convert the Publication 110 reference phantoms to a high-quality polygon-mesh (PM) format. Prior to that meeting, a preliminary study had confirmed the feasibility of the conversion (Yeom et al., 2013) . For the conversion project, a working group was established at Hanyang University in Seoul, Korea in December 2013, and necessary research funding was secured from the Nuclear Safety and Security Commission through the Korea Foundation of Nuclear Safety in December 2014. The objective of the research project, as noted above, was to produce exact replicas of the current Publication 110 reference phantoms in high-quality PM format to address the aforementioned problems. This paper will seek to discuss the current progress of the phantom conversion project and its significance in ICRP DC calculations.
MATERIALS AND METHODS

Construction of simple organs
To construct PM models of simple organs, the voxel models of the Publication 110 reference phantoms were converted directly to the PM format. For this, two conversion procedures were developed: one for very simple organs and the other for more complex organs. For very simple organs, the voxel model is first used to generate a PM model using a three-dimensional surface rendering method. Next, the number of polygons in the PM model is increased to facilitate the smoothing and refinement processes. After completion of the smoothing and refinement processes, the number of facets is reduced to a proper number. The number of facets for an organ model is selected rather arbitrarily, considering the shape of the organ model; that is, for high efficiency in computer simulations, the minimum necessary number of facets to keep the shape of the organ is used. Finally, the shape of the constructed organ model is finely adjusted to the voxel model according to the acceptance criteria used here for organ adjustment.
Two acceptance criteria were developed and applied to the adjustment process. The first criterion was the Dice index (DI), which is simply the volume overlap fraction of two different models (Dice, 1945) . For confirmation of successful adjustment, the DI should be greater than 97% of the maximally achievable volume overlap fraction (MAVOF) for a given organ. Note that the MAVOF exists for a given organ due to the fundamental difference in the geometry format (i.e. voxel vs PM). The second criterion was the centroid distance (CD), which is the distance between the centroids of the voxel model and the PM model. For confirmation of successful adjustment, the CD should be less than 0.5 mm.
The conversion process for more complex organs is similar to the process for very simple organs. The only difference is that, during the conversion process, the PM model is converted to the Non-Uniform Rational B-Spline (NURBS) format. The NURBS surface is subsequently converted back to the PM format and subjected to the adjustment process.
Construction of the skeletal system
The same methods to produce the PM models of simple bones (humeri, ulnae, clavicles, femora, tibiae, mandible, pelvis, scapulae, sacrum, sternum, cranium, and ribs) were used for simple organs. The cranium was complicated, so a more elaborate adjustment process was involved. Each of the 24 ribs was converted and adjusted individually.
Production of a high-quality spine model by the direct conversion methods proved difficult. Therefore, in this case, a pre-existing high-quality PM spine model (Shin et al., 2012 ) was adopted and adjusted to the voxel spine model, monitoring both the DI and the CD. The same method was used for the hands and the feet.
The Publication 110 female phantom has toe-standing feet, while the male phantom has normal-standing feet; therefore, the feet of the female phantom were modified to the normal-standing form. The cartilage that had been included incorrectly in spongiosa was extracted and included in the residual tissue. Although this is still not anatomically correct, this approach is believed to be more appropriate, considering that cartilage is not a target tissue, and that the composition and mass density of the cartilage are very close to those of the residual tissue. The costal cartilage and intervertebral discs were modelled following the method used during the construction of the University of Florida/National Cancer Institute (UF/NCI) phantoms (Lee et al., 2010) . Cortical bone was added to the sacrum of the female phantom. The male sacrum of the original voxel model did not have the dorsal sacral foramina, and holes were therefore added to the PM model.
Construction of complex organs
Phantom construction of complex organs such as the eyes, lymphatic nodes, small intestine, muscle, lungs, and blood vessels is very challenging and time consuming, and proper construction methods are still in development. Similarly, the definition of target layers in the alimentary and respiratory tract organs is also challenging. Therefore, target layers were classified here as complex organs.
The detailed model of the eye developed by Behrens et al. (2009) , which was adopted for calculations of DC for external beams (ICRP, 2010), has been successfully reproduced and incorporated in the PM phantoms. First, a NURBS-surfacebased eye model was produced from the geometrical information of the detailed model of the eye (Behrens et al., 2009) using Rhinoceros software (Robert McNeel & Associates, Seattle, WA, USA). The NURBS model produced was subsequently converted to the PM format. Defects in the eye model were repaired by means of several refinement functions of Rapidform software (INUS Technology Inc., Seoul, Korea). The detailed procedure can be found in Nguyen et al. (2015) .
The lymphatic nodes of the Publication 110 reference phantoms could not be converted directly to the PM format due to their complexity and distribution throughout the body. A dedicated computer programme was developed to model them in the PM phantoms, following the method used for the UF/NCI phantoms (Lee et al., 2009 ). The developed programme will be used to generate the lymphatic nodes after the construction of muscles is completed.
Construction of the model of the small intestine is also very challenging, again due to the complexity of the structures. A dedicated procedure and computer programme have been developed to generate the model of the small intestine in the PM phantoms. First, a surface frame that entirely encloses the original voxel model of the small intestine is constructed with the a-shape algorithm (Edelsbrunner et al., 1983) .
Next, a C + + programme developed here is used to automatically generate a small intestine passage line using the Monte Carlo approach. Along with the passage line, a model of the small intestine is generated in the PM format. Finally, the surface is copied for use as the interior surface, which is then reduced to match the reference volumes of the wall and contents, as these are given in Publication 89 (ICRP, 2002) . The aforementioned procedure is repeated 1000 times, randomly producing 1000 different models of the small intestine, and the best model is selected considering both geometric and dosimetric similarity. This method has been applied to produce the model of the small intestine for the male phantom . The same method will be used for the female phantom.
Calculation of DCs
Dose calculations have been performed using the preliminary versions of the phantoms in order to test the proposed approach for the skeletal system and some complex organs. The DCs of the PM phantoms and the Publication 110 phantoms were calculated using GEometry ANd Tracking 4 (Geant4) Version 10.01 (Agostinelli et al., 2003) . The physics library used in Geant4 was the G4EmLivermorePhysics, which includes the Evaluated Photons Data Library , the Evaluated Electrons Data Library (Perkins et al., 1991) , and the Evaluated Atomic Data Library (Perkins et al., 1997) . The secondary production cut value of 0.1 mm was applied for both photons and electrons, with some exceptions where the micron-thick target regions are important in dose calculation. The relative statistical errors were less than 10%. Fig. 1 shows the preliminary PM versions of the Publication 110 reference phantoms. Table 1 provides the numerical data. Although it is not visible in the figures, several thin target layers of the alimentary tract organs are defined (i.e. oral cavity, oesophagus, stomach, small intestine, and colon). Note that the phantoms described here do not present the final versions, but their external shapes will not change significantly. The lymphatic nodes will be remodelled after construction of the muscles. It can be seen that the male phantom has a model of the small intestine that was constructed here, whereas the female phantom has a stylised model of the small intestine. Fig. 2 shows the deviation of DCs of the PM phantoms from those of the Publication 110 reference phantoms for external photons and for red bone marrow (RBM). The RBM DCs were calculated using the mass-weighting approximation, which was used to calculate the Publication 116 DCs (ICRP, 2010). It can be seen that the deviation is mostly within 5%. Somewhat larger deviation is observed for photon energies below 0.03 MeV, which is due to problems with the original voxel phantoms. In the Publication 110 reference phantoms, some spongiosa bones are not fully enclosed by the cortical bone, which is anatomically incorrect. The result for endosteum is not given here, but shows a very similar trend. Fig. 3 shows the dose results for the small intestine for external photon beams. Here, the new PM model, which was developed in the current project, was compared with the previous stylised model. The filled symbols represent the results of the new PM model, and the open symbols represent those of the previous stylised model (Yeom et al., 2013) . The overall results show that the new model deviates less from the original voxel model in the Publication 110 male phantom. The deviations of the new PM model were mostly within 10%. Fig. 4 shows the electron SAF values of the small intestine calculated by the PM version of the Publication 110 phantoms developed here and the Publication 100 (ICRP, 2006) stylised phantoms. The SAF values of the PM phantoms and the stylised phantoms were also calculated using Geant4, but, in this case, the secondary production cut value was reduced to 1 mm considering the micron-thick target regions. The data show that the models of the small intestine of the PM phantoms provide SAF values that are very similar to those of the Publication 100 stylised phantoms. The results for other alimentary tract organs show very similar trends. These results generally suggest that, in the future, after successful completion of the PM-based reference phantoms, additional stylised phantoms will not be needed for SAF calculations for alimentary tract organs as the PM phantoms will suffice in providing very similar SAF values. Fig. 5 shows the DCs of the lens of the eye (pGy cm 2 ) calculated for the PM phantoms for external electron exposures and AP irradiation geometry, along with the corresponding Publication 116 DCs (ICRP, 2010). The latter were obtained for electrons from 100 keV to 10 MeV using a stylised eye phantom (Behrens et al., 2010) , and for all other energies using the Publication 110 reference phantoms. In order to save computation time, it was assumed that only the head of each phantom is irradiated, and that the contribution of secondary radiations to the dose to the lens of the eye from the other part of the body is negligible. These results demonstrate that the new PM phantoms provide dose values very similar to those of Publication 116, even for those energies for which the stylised model was used. For low-energy electrons (less than 0.7 MeV), the DCs calculated with the current PM phantoms were higher than the Publication 116 data (maximum difference of 60% at 0.2 MeV). This relatively large difference is caused by the fact that the Publication 116 data were calculated using the bare-eye model for electron energies of 10 MeV, and therefore do not properly reflect the dose contribution from the secondary radiations from the head structure. This result confirms that use of an additional stylised phantom for dose calculations for the lens of the eye will not be necessary in the future.
RESULTS AND DISCUSSION
CONCLUSIONS
ICRP is currently developing PM versions of the Publication 110 adult reference phantoms. The final phantoms will include, among the organs and tissues for effective dose calculation, continuous and fully-enclosed layers for the skin and the walls of the stomach, gall bladder, and urinary bladder; thin target layers (8-40 mm) of the respiratory and alimentary tract organs; and detailed and anatomically more accurate models of the skeletal system, lens of the eye, lymphatic nodes, blood vessels, hands, and feet. It is expected that the developed phantoms would provide dose Fig. 4 . Specific absorbed fractions (SAFs) for tissues of the small intestine, calculated using the polygon-mesh (PM) phantoms developed in the present study and the Publication 100 stylised phantoms (ICRP, 2006 ). values very similar to those of the current Publication 110 reference phantoms for highly penetrating radiations, and more accurate or correct dose values for weakly penetrating radiations (electrons, ions, and low-energy photons <0.03 MeV) and small tissues. Additionally, the developed phantoms would be deformable, providing different postures (e.g. walking and sitting) for calculation of DCs in emergency exposure scenarios, which is planned for the next term of Committee 2 (2017-2021). The project is expected to provide all-in-one, deformable, high-quality PM phantoms representing the reference male and female adults for the radiological protection community.
